The bacterial Sec translocon, SecYEG, associates with accessory proteins YidC and 
Introduction
The general process of protein secretion and membrane protein insertion is achieved by the conserved secretory, or Sec, machinery at the plasma membrane of bacteria and archaea, and the endoplasmic reticulum (ER) of eukaryotes. The proteinconducting channel is formed by a core hetero-trimeric assembly -the SecY of bacteria and archaea, and Sec61 complex of eukaryotes (1, 2) -through which secretory and membrane proteins are driven, respectively across and into the membrane. This process occurs either during protein synthesis, involving the direct binding of co-translating ribosomes to the Sec complex, or post-translationally, powered by associated energy transducing factors, such as the ATPase SecA in bacteria (3, 4) .
Additional components combine with the core complex to facilitate the lateral passage of trans-membrane α-helices into the bilayer, or for the implementation of specific modifications, like glycosylation in eukaryotes. Indeed, the structure of the eukaryotic holo-translocon engaged with the ribosome illustrates how the core complex and accessory factors could streamline the efficient translocation and glycosylation of proteins at the ER membrane (5) .
The bacterial core translocon SecYEG associates with the ancillary sub-complex SecDF-YajC (6) and YidC (7) to form a 7 protein super-complex aka the holotranslocon (HTL) (8) . Generally, secretion through the translocon occurs posttranslationally, whereas membrane protein insertion is co-translational (9) . The HTL ensures efficient translocation, folding and assembly of secretory and membrane proteins and can be produced in sufficient quantities for structural and functional analyses (8, 10, 11) . Its availability enabled a preliminary structural analysis combining electron cryo-microscopy (cryo-EM) and small-angle neutron scattering (SANS) (12) (Figure 1) . Interestingly, the proteins are arranged around a central cavity, most likely constituted of lipids, which we proposed to form a protected environment for the co-translational insertion of trans-membrane α-helical bundles.
The encapsulation of nascent unfolded membrane proteins would prevent catastrophic proteolysis or aggregation and thus promote efficient protein folding, much in the same way that GroEL facilitates the folding of globular proteins within a secluded hydrophilic chamber (13) .
High-resolution structures of the individual components of the HTL are known (14) (15) (16) , and they could be fitted into the low-resolution cryo-EM structure to create a preliminary atomic model of the HTL, supported also by biochemical data (12) . In this model the lateral gate of SecY, through which nascent trans-membrane helices enter the membrane (14) , faces the central lipid cavity. YidC is located on the opposite side of the cavity, with its putative binding site for inserting trans-membrane helices (15) also facing the lipid pool. The juxtaposition of these regions at the proposed central lipid core of the HTL provides a compelling case for their concerted action in membrane protein insertion.
To explore further the structure and arrangement of the central lipid pool we conducted an analysis of the HTL, combining SANS and coarse-grained (CG) molecular dynamics (MD) simulations. The HTL was solubilised in matched-out deuterated detergent n-dodecyl-β-D-maltoside (d-DDM). This d-DDM was deuterated separately in the head and tail group to fully match out the neutron contrast of the detergent in a 100% D 2 O-based buffer (17) . This way the detergents become invisible in the SANS experiment. This allowed us to distinguish and describe the lipid component of the translocon. The CG MD simulations support the notion of a stable and persistent lipid-filled cavity within the centre of the HTL. Beyond this we discuss the role of such a lipid pool in the insertion and folding of membrane proteins via the Sec machinery.
Materials and Methods

HTL preparation and d-DDM exchange
HTL was purified as described previously (8) . Purified HTL in hydrogenated DDM was exchanged into a 100% D 2 O buffer containing deuterated DDM. Detergent exchange was performed on a Superose 6 (10/300) column equilibrated in a simple TS buffer (20mM Tris pH 7.5, 100mM NaCl 2 ), made with 100% D 2 O, and 0.02% deuterated DDM.
SANS data collection for deuterated detergent
Samples were prepared and measured in 2 mm quartz cuvettes (Hellma), temperature controlled at 10 °C. SANS data were collected on KWS-1 at FRMII at MLZ (Garching), at a wavelength of = 5 Å and a wavelength spread of / = 10% (FWHM). Sample-detector/collimation distances of 1.5m/4m and 8m/8m were used, to obtain a -range of 0.006 to 0.44 Å -1 , with a good overlap between the settings. 
where is the concentration (number of complexes per cm 3 ), !"# and !"# are the excess scattering length densities (scattering contrasts) of the protein and lipid respectively, and !"# and !"# are the corresponding volumes. The sample was purified with an E. coli lipid extract (avantilipids.com/product/100600), with known lipid composition, so !"# could be estimated. The only unknown was therefore !"# , the volume of the lipid core:
!"# is calculated by subtraction of two numbers, 0 / and
equal in magnitude, and each with an associated uncertainty, which result in a relatively large error on the calculated result. The major contributions to the uncertainty stems from the absorption measurement used to estimate the molar concentration. We assumed a 15% uncertainty on the concentration measurement, 10% on the estimation of (0) and 2% on the estimated volumes of HTL and the lipids. The number of lipids could then be found by dividing !"# by the mean volume of the E. coli lipids (1216 Å 3 ), which was calculated from the lipid composition (avantilipids.com/product/100600) using known volume for the different lipid components (22) .
A fit was made where the fitting algorithm was allowed to mix HTL-F-L and HTL-I-L ( Figure 1 ) to obtain the optimal fit ( Figure 2 ). The intensity of the mix was given as:
where is the fraction of the sample in the HTL-F-L form.
The goodness of the fits was evaluated using the reduced
, where is the number of datapoints and the number of fitting parameters. The ! is defined in terms of the measured experimental intensities ! !"# and corresponding uncertainties ! and the fitted theoretical intensities ! !"# :
There was a minor contribution of aggregates in the sample, as seen from the upturn in the Guinier plot (SI, Figure S1 ). The presence of aggregations were also clear from the "tail" of the p(r) with a large maximal interparticular distance, D max , of ~200 Å ( Figure 3 ). The aggregate contribution was taken into account in the fits ( Figure 2 ) by including a fractal structure factor, !"#$ ( ), to the model, as previously described (23) . Shortly, a fractal aggregate description was used (24) in combination with the decoupling approximation (25) and the form factor of the complex, :
where !"#$ ( ) is the effective form factor after the decoupling approximation was applied. A mean radius of = 42.1 Å was used for HTL, corresponding to the radius of a sphere with volume equal to the sum of Van der Waals volumes of the atoms in the protein (26) . The models were implemented in WillItFit (18) .
Molecular Dynamics
CG MD simulations were built according to the MemProtMD protocol (27) , using PDB 5MG3 as an input. Simulations were run for 350 ns with elastic network restraints of 500 kJ mol -1 mn -2 between all protein beads within a cut-off distance of 1 nm, at 310 K using 20 fs time steps. These simulations were then extended to 3 µs with elastic networks only applied to beads within 1 nm and on the same protein chain. This was done to allow the central lipid pore to change size without the restriction of inter-subunit elastic networks. Post simulation snapshots were converted to atomistic description (28) for comparison with the SANS data.
Simulations were run on Phase 3 of BlueCrystal, the University of Bristol's High Performance Computer (HPC). Images of proteins were made in PyMOL and VMD, and data were plotted with gnuplot or matplotlib.
Results
SANS confirms a central lipid core within the HTL
Previous studies show that the purified HTL complex is composed of its constituent protein subunits and significant proportions of lipid and detergent (12) The structure without lipids was termed HTL-F (HTL in the F form) and the structure with lipids HTL-F-L (Figure 1 ).
Probing the flexiblility of SecDF Periplasmic domains by SANS
In the SecDF-YajC sub-complex, the SecD periplasmic domain 1 (P1), has been observed in two distinct orientations, the F and the I form, with an approximate 100° rotation of P1 between the two structures (16, 30) . However, the data were fitted on absolute scale with a scaling parameter, , for the forward scattering. Optimally, should be unity, and deviation from unity indicates a less probable model. But some deviation from unity was expected due to the uncertainty of the estimation of (0) (see Materials and Methods). We therefore introduced a penalty function ( ): The optimal value depends on the choice of , which is not trivial to determine, and which we will not go into detail here, but details can be found in Larsen et al. 2018 (31) . In Figure 2C , the best fit for = 30 is given, with = 18, in the middle of the In summary, the SANS analysis suggests that HTL has a lipid core of between 8 and 29 lipids and exhibits some flexibility of the periplasmic part of the SecDF domain.
Coarse-grained simulation supports the existence of a lipid core
In order to assess the stability of the HTL complex, and begin characterisation of a central lipid core to the complex as indicated by SANS, a coarse-grained (CG) molecular dynamics (MD) study was performed. An atomic model of HTL was constructed using E. coli YidC (32), SecYEG (33) , and E. coli homology models from T. thermophilus SecDF (12, 34) . These structures were arranged to fit the experimental cryo-EM density of the HTL (PDB: 5MG3). The atomic structures were converted to CG models using the Martini forcefield (35, 36) , and inserted into a simulation box filled with randomly oriented CG lipids (65% POPE, 30% POPG, 5%
cardiolipin), and solvated with CG water and ions. The system was allowed to self- A CG HTL model was extracted from the last frame of the simulation, and converted to atomistic model with 7 POPE and 2 POPG in the core. This model had an overall structure similar to HTL-F-L. A model of HTL-I-L with the lipids from the simulations was also generated. The scattering from these models were calculated and compared with data ( Figure 6 ). The HTL-I-L with the core of CG MD lipids fitted the data quite well ( ! ! = 31.4), whereas the HTL-F-L with CG lipids resulted in a poor fit ( ! ! = 164). Less than 1% of aggregates were included in the two fits.
Discussion
The results presented show the HTL to be a dynamic complex, unequivocally demonstrating that the individual subunits are arranged around a central lipid core.
The SANS data supports a model of the HTL containing a pool of between 8 and 29
lipids at its centre. The fit is improved accounting for flexibility of SecDF indicating that a significant part of the proteins have a rotated SecD periplasmic domain.
The lipid pool at the centre of the HTL complex was observed to be stable during the CG MD simulations. This correlates well with both the SANS data in this study, and previous structural studies of the HTL, indicating protein is located towards the 
